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ABSTRACT 
This report presents the results of and discussion on an 
experimental investigation of a welded beam with a crack tested 
in the low-cycle fatigue range. 
In the investigation, an attempt was made to develop techniques 
for evaluating low-cycle tests. The tests conducted were designed 
for different kinds of measurements for beam tests, to gain ex-
perience with data recording, to obtain preliminary information 
about crack propagation, to try to record stress redistribution, 
and to obtain information on the metallurgical structure sensitivity 
of low-cycle and high-cycle fatigue tests. 
The test was conducted on a beam already cracked in a high-
cycle fatigue test. The relationship between the crack propagation 
rate, stress redistribution and the texture of the crack surface 
were observed. The recorded data were compared with available 
theoretical or experimental results. 
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1. INTRODUCTION 
Design for low-cycle fatigue resistance requires an 
approach different from that of high-cycle fatigue. In high-cycle 
fatigue, the stresses remain generally in the elastic range except 
for a v~ry small zone of plastic strain at the leading edge of the 
crack. In low-cycle fatigue, the cyclic strains promoting develop-
ment and extension of cracks are functions of stress redistribution 
and geometry of the component in terms of a plasticity analysis. 
To obtain the necessary information about the stress-strain condi-
tions in the section, and especially at the crack tip zone, and also 
about the cycling stress-strain history of each fiber, the stress 
redistribution process in highly stressed components needs to be in-
vesti;ated. 
In this investigation an attempt was made to develop 
analytical and experimental techniques for evaluation of low-cycle 
tests. The tests conducted were designed: 
a) to try different kinds of measurements for low-
cycle fatigue testing on beams 
b) to get experience with recording 
c) to get pilot informat~on about crack propagation 
in the tension flange and its recording 
• 
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d) to try to record the stress redistribution in 
the flange and the web 
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e) to obtain preliminary information on the metallo-
graphic structure sensitivity of low-cycle and high-
cycle fatigue tests. 
The test is not typical of low-cycle fatigue investiga-
tions, since it is actually the second part of a beam fatigue test. 
With respect to the purpose of this study, to obtain information 
about stress and strain observations in the range of high yielding, 
this beam has certain advantages. These are: 
the crack initiation had already occurred and thus 
crack propagation could be readily observed and 
monitored 
comparisons of high and low cycle crack growth 
morphology could be made in one specimen 
material and fatigue history in the high-cycle 
fatigue tests were known and documented 
the presence of a preexisting complex crack shape 
(3 ended) presented an interesting experimental 
and analytical problems for study 
the residual stress patterns in this beam were 
well documented 
the fact that the beam was welded, allowed analysis 
of the influence of welding on fatigue behavior 
358.4 -3 
low cycle fatigue test results on tensile coupons of 
the same material were available to assist in the 
analysis of the data. 
Since the test was actually a composite one, containing 
both low-cycle and high-cycle fatigue portions, the expression "low-
cycle fatigue" will be used for the second portion and "high-cycle 
fatigue" for the initial portion of the test. 
358.4 
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2. DESCRIPTION OF THE TEST 
2.1 Specimen 
The cracked welded beam marked PWC152-A514 which had been 
d 1 d . h" h 1 f . . t" . (l) d use a rea y ~n a ~g -eye e at~gue ~nves ~gat~on was teste 
after its length had been altered to suit the testing machine and 
after some small cracks in the web and the flange away from the in-
vestigated section had been repaired. The cross-section and the 
position of the cracks are shown in Fig. 1. The original crack was 
obtained in the tension flange after 397,000 cycles of high-cycle 
fatigue testing, where the stress range in flanges was 42 ksi and 
the maximum nominal stress + 32 ksi. The original crack shape is 
presented in Figs. 1 and 2. 
The alternating load in the second phase of the fatigue 
test (the "low-cycle fatigue") was 11 = 80 kips and 12 = 30 kips, 
where 11 and 12 define the load bounds of the range. This loading 
should result in a nominal maximum stress of 36.2 ksi and a stress 
range of 22.6 ksi in the flanges (virgin section). 
2.2 Instrumentation 
Crack propagation, strains and deflections were measured 
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and recorded during the fatigue test. The following instrumenta-
tion was used in the testing: 
a) strain gages (marked 1, 2, 10, 20, 3, 4, 5 in 
Figs. 2 and 3) . 
b) the static strains were recorded using a Budd 
Datran Digital Strain Indicator and the cyclic 
strains were recorded using a Brush Recorder and an 
Oscilloscope 
c) crack propagation gages (marked a, b, c, d) in 
Fig. 2. The propagation was recorded by the 
Brush recorder 
d) a microscope was used for visual crack propagation 
readings 
e) a dial gage was used for measuring deflection of 
the beam. 
2.3 Test Program and Recording 
The loading of the beam in the low cycle fatigue test was 
started by static loading to the maximum load 11 = 80 kips while all 
recording channels were checked. The first set of strain gage 
readings were taken for different loads starting from zero kips up 
to 80 kips. The vertical deflection for load 11 was recorded. 
358.4 
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The dynamic test was conducted in phases based on 5000 
cycles of alternating load. The minimum load was 30 kips and the 
maximum load was 80 kips. The Amsler machine was operated at 250 
cycles per minute. The maximum dynamic load was adjusted slightly 
to get the same deflection as was recorded for static load. After 
each phase, the strains were recorded under static loads of 80 kips 
and zero kips. Static readings are missing for the 15000 and the 
20000 cycles phases, when the strain gages were being connected to 
the Brush recorder (6 channels). Results with the Brush recorder 
gave a lower accuracy, and for further readings the Budd Datran 
Digital strain indicator was used again. 
Crack propagation was recorded by crack propagation gages 
and observed visually by microscope. 
The crack propagation gages connected to the Brush re-
corder gave very exact information about the crack propagation rate, 
but only within the interval of gage width. 
Satisfactory visual recordings by the microscope were 
made. However there were some difficulties in following the crack 
tip at the beginning when it was short. Even under an 80 kip static 
load the crack was not open enough to make the tip position very 
clear. Later in the test it was possible to follow the crack tip 
while cycling with very good accuracy. The two main difficulties 
involved when using the microscope were: the lack of suitable 
reference lines against which to make visual readings and the 
358.4 
impossibility of visually recording crack propagation on the 
bottom side of the flange. 
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The deflection dial gage was used only to adjust dynamic 
load to correspond with static load. Deflection was not recorded. 
The crack opening was measured but only in the last 
phase of test for both maximum and minimum static load. 
2.4 Metallographic Examination 
At the conclusion of the low-cycle test the failed beam 
sections were made available for metallographic examination. The 
tension flange and adjacent web were sectioned as shown on Fig. 4. 
Since the beam was welded-from ASTM A514J steel which is quenched 
and tempered, all sectioning was done by saw cutting with lubricant 
to avoid any heat affects due to the sectioning procedure. 
Photographs of the beam as sectioning proceeded are 
shown in Fig. 5. 
These specimens were polished by standard metallographic 
procedures and were examined and photographed before and after 
etching. 
358.4 
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3. TEST RESULTS 
3.1 Crack Propagation and Strain Recording 
After comparison of visual records with records from 
crack propagation gages, the shape of crack (Fig. 2) and the rela-
tionship between the number of cycles and crack length (Fig. 6) 
was obtained. For the flange half marked W, Fig. 6 shows the in-
formation available about the crack propagation on both the top 
and bottom surfaces separately and also an average value curve. 
In the range from zero to 37000 cycles the crack propagation rate 
was almost constant, then it increased gradually to a very high 
value before failure. 
The strain gage readings are plotted in Figs. 7, 8, and 
9. The top curves correspond to elastic strain due to static loads 
of 80 kips, and the bottom curves are assumed to correspond with the 
gradually developed and/or redistributed residual stress at 0 kips 
load. 
The recording of crack propagation in the web was not 
satisfactory. Therefore only a little information is available. It 
includes the initial crack length, the final crack length and the 
number of cycles when the crack tip reached strain gage No. 3. The 
assumed crack propagation is shown in Fig. 10. The final crack 
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length includes an increment, b. cr, (Fig. 10) probably caused 
by impact when the flange failed. The description of the crack 
tip region is included in the next chapter. 
The strain gage readings in the web are plotted in Fig. 
10 and the stress redistribution is estimated by assuming the yield 
stress and gradually increasing plastic zone at the crack tip. 
3.2 Metallographic Results 
The fracture surfaces were examined macroscopically to 
characterize the nature (rough, delaminated, smooth) and orienta-
tion of the fracture to the test beam (see Fig. 5). After section-
ing and polishing, see Fig. 4, the specimens were examined as-
polished and after a Nital etch. 
Figure 11 is a section normal to the flange crack in a 
region of the crack formed in high-cycle testing. Figure 12 is a· 
section normal to the flange crack near the outside of the flange 
(low-cy~le test range). 
The ends of the web and flange crack (see Figs. 4 and 5) 
are shown in Figs. 13 and 14. 
358.4 
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4. DISCUSSION 
4.1 Crack Initiation 
The high-cycle fatigue testing and crack initiation 
studies on the beam are discussed in Ref. 1. In beam PWC 152 the 
crack initiated at a tack weld end as shown in Fig. 15 and was 
growing very slowly through the flange-to-web welds, the central 
part of the flange, and the top of the web. The crack was observed 
after only 386,300 cycles. 
4.2 Residual Stresses 
Similar weld shapes were investigated to obtain informa-
tion about residual stresses in the virgin beam and the stress re-
. ( 2) 
distribution after loading. The average residual stress pattern 
for the beam PWC 152 is shown in Fig. 16. 
4.3 Crack Propagation Rate 
For the high-cycle test, there is no record of the crack 
propagation. However the first observation of the crack, the final 
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crack length and increase in beam deflection in the last stage 
of high-cycle fatigue test were recorded.(l) 
The crack length versus the number of cycles for the low-
cycle fatigue test is shown in Fig. 6. The rate of crack propaga-
. d ( 2a) d · · 1 · 2a · 1 t d · F · 17 t1on dN versus non 1mens1ona rat1o ;- 1s p o te 1n 1g. , 
where 2a is the total length of the crack, N - number of cycles and 
w - width of the flange. 
In Fig. 17 theoretical values are also shown for both 
high- and low-cycle fatigue tests of crack propagation rate versus 
( 2a) . . h d to allow compar1son w1t the measure values. 
w 
The theoretical curves were obtained assuming: 
1. 
2. 
yield stress a = 110 ksi ys 
!:J.K = f::.CT ~1T a sec (a + r ) y 
w 
r = ! (/1 k ) 
2 
( see Ref. 3 ) y 2 1T a ys 
valid for a plate of finite width 
and 
3. !:J.a = stress range (different for high- and low-
4. 
cycle fatigue phase) 
relationship /1 k versus (da) for A514 with dN 
correction for high /1 k, from Ref. 3 
358.4 
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5. residual stress, the three-end crack behavior, 
and the corresponding stress redistribution are 
all neglected. 
Assuming the theoretical relationship between d(2a) dN and 
2a 
w 
for 
the high-cycle fatigue test in Fig. 17 is a straight line, the crack 
propagation rate is 
d(2a) 
dN = 
6 :X: 10-5 
1.55 • X 
where X is equal to crack length. The number of cycles required 
to extend the crack length from value 2a to 1.55" may be obtained 
from 
1.55 N 
J d:x: 6.10- 5 J dN x-- 1.55 
2a 0 
and 
N 1.55 . [1 X]l.55 = 
6.10-5 g 2a 
The values of 2a for the low-cycle fatigue test were obtained in 
a similar way. The computed values are plotted in Fig. 18 for com-
parison with the values recorded in the low~cycle test. 
The discontinuity of crack propagation rate in high- and 
low-cycle fatigue test (Fig. 17) is apparently caused mainly by the 
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decrease in stress range from high-cycle to low-cycle testing and 
the restraining effect of three-ended crack propagation. The re-
corded values of the crack propagation rate in the first phase of 
the low-cycle fatigue test are higher than the theoretical values, 
and the crack length (Fig. 18) coincides with recorded values only 
in the last phase of fatigue life. A possible explanation for the 
recorded behavior of the crack growth curve in the first phase of 
the low-cycle test may be that the region at the crack tip produced 
in the high-cycle tests, which has already seen a rather high level 
of bk, undergoes fatigue damage. As a result, in the subsequent 
low-cycle tests, growth rates are higher than theoretically expected. 
However, this physical region of rapid crack growth is too large to 
attribute to fatigue damage alone. Therefore it appears that the 
residual stress pattern and the complex (three-ended) crack shape 
might also be of importance. 
4.4 Stress Redistribution 
The stress distribution in the cracked cross section as 
obtained from strain gage readings is shown for the web in Fig. 10 
and for the flange in Fig. 19. 
In the web, the assumed stress distribution curve is 
plotted through three recorded points and the yield stress zone 
at the crack tip as on plots. It was assumed also that the 
358.4 
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plastic zone close to the crack tip is increasing with the crack 
propagation. 
The stress distribution in the flange was first analyzed 
theoretically using the simplified mathematical model and computer 
program described in Ref. 4. The residual stress pattern (Fig. 16) 
was taken into consideration. The stress redistribution was ob-
tained for some crack propagation stages also by the computer pro-
gram. The stress distribution for N = 0 and loading 11 = 80 kips 
was used as the reference curve and recorded stresses were plotted 
to get comparison of theoretical and recorded stresses. For strain 
gage No. 2 the re~ults are coincident, but for strain gage No. 20 
the theoretical values are slightly higher than the recorded data. 
This difference is caused mainly by simplification of the theore-
tical assumptions (such as simple plate, 3-ended crack neglected, 
uniaxial stress taken into consideration). 
The behavior of the three-ended crack in a beam and the 
corresponding stress redistribution cannot be simulated by the be-
havior of a simple finite plate, and the theoretical analysis and 
mathematical model for this problem will be developed. 
4.5 Metallographic Studies 
Structure and Properties of Plate 
The beam test was conducted on steel meeting the require-
(5) 
ments of ASTM A514, Type J. This is a quenched and tempered 
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steel which is weldable and has a minimum yield strength of 100,000 
psi and an ultimate strength of 115,000 to 135,000 psi. The 
mechanical properties of the material obtained by test are given 
in Ref. 1. 
These properties are attained by heating to not less than 
1650°F, water quenching and tempering at not less than 1100°F. Such 
a heat-treatment usually results in a tempered martensite micro-
structure. 
In the case of A514 Type J, the only special alloying 
elements added are Mo and B. The hardenability (ability to quench 
to all martensite) is obtained through a severe cooling rate im-
posed by roller quenching. Tempering results in a complex and 
fine tempered martensite structure. This structure may be seen 
in Figs. 11, 12 and 14. 
Other types of steel meeting the requirements of ASTM 
A514 rely more heavily on alloying elements to assure the harden-
ability requirement. With greater alloy content, the quenching 
rate can be less severe. 
In the primary hot rolling of plate, inclusions will be 
elongated and rolled out in the direction of rolling, that is, 
parallel to the plate surface. The morphology of these rolled-out 
inclusions will not be affected by the subsequent quench and tem-
pering operations. 
358.4 
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High Cycle Fatigue Crack 
The beam tested was a welded wide-flange shape. In 
fabrication, the web and flanges were tack-welded to maintain fit-
up while the final fillet welds were made. 
Examination of the fracture surface at the fillet welds 
showed that the fatigue crack started at the end of one of these 
tack welds. The tack weld had not fused to the web and flange, and 
produced a defect known as cold lap. (The fillet weld subsequently 
deposited did not melt through the tack weld.) It was this defect 
which served to initiate the high cycle fatigue crack. (See Fig. 15.) 
The surface of the high cycle fatigue crack was macro-
scopically fine textured and was normal to the flange and web 
(Fig. 5). 
Microscopic examination of the high cycle fatigue crack 
on Specimen 7 (Fig. 11) reveals that the crack grows normal to the 
flange surface independently of any gross microstructural features. 
There is only a slight tendency to delaminate along rolled-out in-
clusions or to have a branched fracture path. The etched section 
shows that the fracture path follows the microstructure boundaries 
but the overall fracture path seems independent of the microstructural 
morphology and responsive only to the loading conditions. 
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Low-Cycle Fatigue Crack 
At the extremity of the flange the low-cycle fatigue 
crack assumes a macroscopically rough surface and is oriented at 
an angle of approximately 50° to the flange surface. 
This oblique fracture surface when examined micro-
scopically shows a strong tendency to delaminate along planes of 
rolled-out inclusions (Fig. 12). The overall direction of the 
fracture is independent of the microstructural features since 
the delaminations only influence the fracture surface in the local 
region of the defects. Otherwise the fracture direction is inde-
pendent of microstructure and seems responsive primarily to the 
loading and stress conditions. 
Web and Flange Crack Ends 
The ends of the flange and web cracks were polished 
parallel to their planes as shown in Fig. 4. The web crack was 
approxi~ately 20° to the web surface. The flange crack was approxi-
0 
mately 60 to the flange surface. Polished sections (Figs. 13 and 
14) reveal that the nature of the cracks are quite different. 
The web crack is wide and blunt with a discontinuous 
step to a finer size near the tip (Fig. 13). This latter portion 
of the crack may have been caused by the impact loading when the 
358.4 
flange crack broke through one end of the flange and rapidly 
transferred load to the web. 
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The etched web crack specimen showed no strong relation-
ship between crack direct"ion and microstructure. There is little 
tendency for the crack to branch. 
The polishe~ flange crack end shows (Fig. 14) that the 
fracture is very fine and generally follows a path through in-
clusions and carbides which were formed during tempering. There 
is multiple branching of_ the crack tip along its path. On a very 
fine scale (Fig. 14-arrow) the crack follows a path along micro-
structure boundaries between carbides and inclusions. The lower 
figure is of such a magnification that its field can not be seen 
in the upper one. 
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5. CONCLUSIONS AND RECOMMENDATIONS 
The purpose of this study was to investigate the fatigue 
behavior of a welded beam with an initial crack in the last phase 
of its fatigue life and to record crack propagation and stress re-
distribution. The beam was welded of A514 steel fabricated from 
flame cut plates. It had been tested in high-cycle fatigue, and 
the low-cycle fatigue test was actually an additional phase of 
the overall test. The following conclusions and recommendations 
were reached: 
1. The stress distribution corresponding to the crack growth 
was recorded after each 5000 cycles by electrical strain gages and 
a digital strain indicator for static load. The continuous record-
ing of strains during cycling was tried using strain gages and a 
Brush Recorder, but the results were not suitable for the purposes 
of the study. For more accurate observation the number of strain 
gages should be increased. 
2. The fracture surface study reveals a transition from 
smooth to rough texture as the crack grows from initial size to 
final beam failure. The initial fracture is normal to the applied 
stress while the final fracture is inclined to the applied stress. 
358.4 
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3. The fracture path follows inclusions, carbides and 
microstructure boundaries. The microstructure is sufficiently fine 
so that its effect is minor and the overall fracture path is re-
sponsive primarily to loading conditions. 
4. There is a very slight tendency during the first phase 
of fracture propagation to delaminate along rolled-out inclusions. 
A greater delamination tendency is observed during the second phase 
of fracture growth. 
5. The crack initiated at a tack weld end and grew very 
slowly through the flange-to-web welds, the central part of the 
flange, and the top of the web. During the last phase of the fa-
tigue life (the "low-cycle fatigue test") the observed fracture 
surface transition apparently is correlated to a very significant 
stress redistribution and to the increasing size of the yield stress 
zone at the crack tip. 
6. After the stress range was decreased it was observed 
that the crack propagation rate was higher than expected from 
theoretical predictions and the rate came closer to the theoretical 
values only after propagation. 
7. The visual observation by microscope using a net of 
reference lines may be the simplest way of recording crack propa-
gation with sufficient accuracy. For very small cracks the obser-
vation of the crack tip during cycling may be recommended for better 
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recognition of the actual crack end. Additional crack propagation 
gages may be used to confirm the results. 
8. The theoretical analysis of three-ended cracks propa-
gation in a beam is to be developed. 
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6 • . NOMENCLATURE 
load (kips) 
number of cycles 
crack length 
flange width 
yield stress 
stress intensity factor 
zone of plasticity 
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TABLE 1 
Crack Propagation 2a Rate Versus -
w 
2a (in.) 2a stress range fj.K d{2a) -
w (ksi) (ksi in) dN (in/cycle) 
0.2 0.0294 42 23.5 4.4xl0 -6 
0.5 0.0733 42 37.4 1.8xl0 -5 
1.0 0.147 42 53.5 3.6xl0 -5 
1.55 0.227 42 68 6xl0-5 
1.55 0.227 22.6 36.4 1.7xl0 -5 
2.0 o. 294 . 22.6 43 2.6xl0 -5 
2.5 0.366 22.6 49 4xl0-5 
3.5 0.513 22.6 64.5 6xl0-5 
4.0 0.586 22.6 75 8xl0-5 
6.5 0.660 22.6 88 1.2xl0 -4 
5.0 0.735 22.6 108 2xl0-4 
(2a) - crack length 
w - width of the flange 
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